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Isothermal aggregation of Ag atoms in sodium borate glass

G. KellermanA* and A. F. Craievich
ILaboratorio Nacional de Luz Sincrotron, C. P. 6192, 13084-971 Campinas SP, Brazil
2Instituto de Fisica, USP, C.P 66318, CEP 05315-970, S&o Paulo SP, Brazil
(Received 11 December 2003; revised manuscript received 1 April 2004; published 26 August 2004;
publisher error corrected 3 September 2004

The nucleation and growth of Ag nanocrystals, embedded in an initially homogeneous and supersaturated
Ag-doped sodium borate glass, were studiedrbgitu small-angle x-ray scatteringgAXS) during isothermal
annealing at different temperatures, from 813 up to 843 K. The SAXS results corresponding to the as-quenched
glass indicate that some amount of rather large Ag nanocrystals are formed during the fast cooling stage. After
a few minutes, the formation and growth of another population of small Ag nanocrystals occur. The formation
of this fine nanocrystalline phase exhibits two distinct stages after a short incubation period. Initially, Ag
clusters grow as a consequence of the “up-hill” diffusion of individual Ag atoms through the glass matrix and
further aggregation and, at a more advanced stage, by the coarsening of the Ag nanocrystals formed in the
preceding stage. The time dependences of the experimental functions describing the average radius, relative
size dispersion, and density number of nanocrystals during the advanced stages of growth, all agree with the
predictions of the classical Lifshitz-Slyozov-WagrieSW) theory. However, the nanocrystal radius distribu-
tion is well described by a log-normal function, which leads to a fit of the modeled scattering intensity to the
experimental curves better than the function predicted by the classical LSW model. From the SAXS results at
different annealing temperatures the activation energy involved in the Ag diffusion through the glass matrix
was inferred.
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I. INTRODUCTION avoid oxidation of SnO by air, the mixture was melted in an

The investigation of the structure and properties of nafléctrical furnace under vacuufo™ mbap at 1313 K. A
nometer sized metallic particles have attracted the interest #8N&0-72B,03 (mol %) glass containing dispersed Ag
many scientists because of their possible use in catalysis a®doms was obtained by fast quenching of the melted glass
in other technological fields. Due to their singular optical down to room temperature using the splat-cooling technique.
properties and potential application in nanoscale electronidhe resulting 100—15@m thick glass plates were homoge-
devices, particular attention is currently being addressed taeous and transparent to visible light. Apart from producing
nanostructured materials consisting of metallic nanoclusterthin glass plates, ready for SAXS experiments, the fast splat-
embedded in glass matrices. Optical properties of glasscooling procedure is particularly efficient because it prevents
metallic nanocluster composites, in general, strongly depenglass crystallization and suppresses, or strongly reduces, the
on the average cluster size and, often, a narrow size dispefermation of Ag clusters during cooling. The SAXS intensity
sion is a necessary condition for practical utilization. A re-produced by the glass samples was measimesitu, during
view of the optical properties of these materials and of theésothermal annealing at temperatures ranging from 813 up to
methods used in their preparation and characterization weig43 K inside a high temperature célDuring the annealing
reported by Gonella and Mazzofti. cycles, the glass plates became slightly yellow thus evidenc-

This is an investigation of the kinetic of formation and ing the expected variation in optical absorption associated to
growth of Ag nanocrystals embedded in a sodium boratehe formation of metallic nanocrystals.
glass. Supersaturated Ag-doped glasses were studied by  Thein situ SAXS experiments were performed using the
situ small-angle x-ray scatteringSAXS) during isothermal SAXS beamline of the Brazilian Synchrotron Light Labora-
annealing at different temperatures between 813 and 843 Kory (LNLS), Campinas, Brazit.A one-dimension gas x-ray
these temperatures being higher than that corresponding pbsition-sensitive detector was used to measure the SAXS
the sodium borate glass transitidg=758 K (Ref. 2. The intensity as a function of the scattering angle for different
basic purpose was to obtain, from the results of SAXS exincreasing periods of time. The attenuation of the studied
periments, the time-dependent radius distribution and, frorgamples was determined using two scintillation detectors,
it, the time dependence of the average radius, radius dispelithich monitored the intensities of the direct and transmitted
sion, number density, and total volume fraction. Finally, thex-ray beams. The SAXS spectra were normalized to equiva-
experimental results were critically compared with the predent intensity of the direct beam in order to compensate for
dictions of the classical theories for cluster growth. the continuous decrease in intensity of the x-ray beam emit-
ted by the synchrotron source. The experimental SAXS in-
tensity was determined as a function of the modulus of the

The starting raw materials were p&0O;, B,O5;, AGNO;, scattering vectorg=4m sin 6/\, where\ is the wavelength
and SnO. SnO was added as a reducing agent fgDA§o  of the x-ray beamA=1.61 A) and ¢ is half the scattering

Il. EXPERIMENT
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angle. The parasitic scattering produced by slits was sub- D(kT)? |73 e

tracted from the total SAXS intensity. Because of the small c(t) =ce+ 9,2c% (t=to)", (4)
area of the cross section of the transmitted x-ray beam at the €

detection plane and the narrow resolution slit of the x-raywhere(R,) andng are the average radius and number density
detector, the SAXS curves were essentially free from smeaiwf the nanoclusters, respectively, at the starting time for
ing effects. In order to determine the scattering power of thecoarsenindg=t,, c, is the concentration of solute atoms in the
studied samplegi.e., the scattering intensity in absolute matrix at equilibrium,D the atomic diffusion coefficient of
units), the SAXS intensity produced by water was also meathe solute atomsy the free energy per unit of area of the
sured under the same collimation conditfon. interface between clusters and matrixthe atomic volume

of the soluteg; the initial concentration of solute in the ma-
trix, k the Boltzmann constant, anfidthe absolute tempera-
ture.

The formation and growth of a new phase consisting of AN €quation equivalent t¢4) can be written in terms of
nanoclusters embedded in an initially homogeneous and si€ volume fraction of the new phade:
persaturated matrix begin with a nucleation stage and is fol- 1-¢ \[ DKD2At-1ty) |22
lowed by the growth of the nuclei promoted by the up-hill o(t) = qoe—< = ) > , (5)
diffusion of doping atoms. This mechanism is named “nucle- voCe 9YCev
ation and gl’OWth". After this initial stage, the clusters em-Where¢e is the volume fraction of the new phase at equi"b-
bedded in a homogeneous matrix coarsen. For long anneatum. Equationg2)<5) hold for annealing times=t,,
ing times, when the supersaturation of the doping elementin The relative radius dispersion determined from Eb.
the matrix become low, clusters with a radRsmaller than  4.=¢/(R), whereo is the standard deviation of the clusters
a critical radiusR; start to dissolve while those with radii agjys distribution, is time independent and equal to 0.21.
larger thanR; still grow. The coarsening of a dilute set of Thjs is a consequence of the dynamical self-similarity of the

spherical clusters—each one located far away one from thgycture during the cluster coarsening predicted by the LSW
others—is described by the model proposed bYtheory.

Lifshitz-Slyoso? and Wagner (LSW mode). The driven  The LSW model applies tdilute two-phase systems com-
force for coarsening is associated to the_overall decre_ase Wosed of spherical clusters occupying a small fraction of the
interface area between clusters and matrix, thus reducing thgig) volume(i.e., the infinitely diluted limif. As it was dem-
total interface energy. According to LSW model, in absenceynstrated in previous work8; 12the finite volume fraction of

of significant elastic stresses, the cluster radius distributioghe minor phase has a modifying effect on the coarsening
N(R,t), for long annealing times, does not depend on thenetics leading to changes in the rate constant as well as in

Ill. CLASSICAL THEORY OF COARSENING

initial size distributionN(R,0) and is given by’ the shape of the radius distribution function. Deviation from
the basic LSW model can also be produced by elastic strains
4(RIR)? 3 73 3/2 11/3 in the matrix near the growing cluster. These strains may

N(R,t) = f(t) 9 3+RIR, 312 -RIR, modify the kinetic of cluster growth and eventually the total

coarsening proce$s3
-R/
X exp( 32-RR. ISICR) , (1)
IV. RESULTS AND DISCUSSION

wheref(t) is a function of the annealing time only. Under the  The aim of this study is to characterize the mechanisms of
assumptions of the LSW mod&; coincides with the aver- formation and growth of a dilute and isotropic set of Ag
age cluster radiu¢R). The LSW theory predicts the time nanocrystals embedded in an initially homogeneous and Ag
dependences of the clusters average radRié), the con-  supersaturated sodium borate glass. The study was per-
centration of solute atoms in the matret) and the total formed using the SAXS techniqgue situ during isothermal
number density of clustems(t)=/N(R,t)dR annealing of the samples at different temperatures.

During the coarsening stagéR)(t) increases for increas- Figure 1 exhibits the experimental SAXS intensity func-
ing times whilen(t) progressively decreases. Quantitatively, tions corresponding to different periods of thermal annealing
according to the LSW model, after the initial time for coars-at 813 K. The fast increase in the SAXS intensity, from the

eningt,, the time dependence ¢R)(t), n(t), andc(t) satis-  Very beginning of isothermal treatment, suggests that
fies the following equation&:® Ag-rich nuclei already exist in the initial glass, these clusters
being developed during the quenching. After the first 300 s
826D of annealing, the time evolution of the SAXS intensity pro-
(R3() = (Ry* + &(t—to), (2) files indicates the formation and growth of a second popula-
9kT tion of small Ag precipitates. The analysis of the SAXS
curves during the early stages of isothermal annealing indi-
cates a very fast increase in the average radius of the Ag
nX(t) = ”51+ 4yCcerD (t-to) (3) nanocrystals already present in the initial glass. Guinier
(G — CKT ’ plots'# over the very lowq range indicate that these Ag clus-
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T A previous study of Ag nanocrystals embedded in the
same glass using transmission electron microsadpgM)
demonstrated that nanocrystals are homogeneously dispersed
in the glass and have nearly spherical shape.the same
article it was demonstrated that the Ag nanocrystals have a
cubic close-packed structure like in bulk state.

The scattering intensity in absolute units, i.e., the x-ray
scattering power, is usually written as a differential scattering
cross sectiom /d(). For a dilute set of uncorrelated spheri-
cal nanocrystals with constant electron dengjjyembedded
in an homogeneous medium with a constant electron density
(py, the scattering power is given B§:

d> 4m\? (~
E(Q):rg(AP)Z(?)f N(RP(q,RR°dR,  (6)

0

dz/de (em™)

wherer,=0.28179< 104 m is the classical electron radius,
N(R)dR is the number of nanocrystals per unit volume with
radius betweerR and R+dR, Ap=(p,—{p)), andP(q,R) is
the normalized form factor for a sphere defined by

sin(gR) - qR cogqR) ]2
(gR? '

The same glass without Ag atoms exhibits an essentjlly
independent contribution to the scattering intensity. This con-
stant background, produced by statistical electron density
fluctuations in the glass matrix, was experimentally deter-
mined for the studied samples by using Porod pfogsd
then subtracted from the total scattering intensity.

According to the previous TEM study mentioned abdve,
the implicit assumption of our model, regarding the dilute

FIG. 1. The curves with symbols are the SAXS intensities innature of the solution and the spherical shape of the clusters,
absolute units produced by the Ag doped glass annealed at 813 &pplies to the system that we study here. The electron den-
during the indicated time periods. The solid lines are the modelegities of the glass matrig) and of Ag nanocrystalg, were
scattering intensities determined by a standard best-fit procedurgetermined from the known nominal composition and mass
assuming log-normal radius distribution functions. For clarity thedensity of the glass and from the crystalline structure of bulk
curves from 300 through 5300 s are multiplied by successively inAg, respectively. Due to the continuous decrease in the con-
creasing powers of 10. centration of Ag atoms dissolved in the glass matrix, a varia-

ters have an average radius equal to 57 Atfo800 s. Be- tion in the difference between t_he e]ectron density of Ag
cause of limitations in the experimentally accessible mini-"2nocrystals and the glass matfixp) is expected. Due to

mumq value, a more detailed analysis of the large sized Aghe small concentration of Ag atoms in the glass, this differ-
nanocrystals population was not performed. Instead, we hay@ce is only very slightly modified during the whole anneal-
focused our investigation to the kinetic of growth of the INg process and thus was assumed to be a time constant.
small-sized nanocrystals population formed during the fur- The experimental x-ray scattering power corresponding to
ther isothermal annealing process. The contribution to th@dvanced stages of thermal annealing was modeled assuming
SAXS intensity from the large nanocrystals overlaps the inthe radius distribution predicted by LSW theory, EQ).
tensity of the second family of small nanocrystals only However, the fit of Eq(6) to the experimental SAXS results
within a short range at very smajl Thus, this small portion assumingN(R) given by Eq.(1) is not good. On the other

of the scattering curve was not considered in our furthehand, a better fit to the experimental curves was obtained

analysis. using the log-normal function defined as
The lack of evidence for the formation of a second Ag
1[In(R/a)]?
N(R) = 5= (- ©®

nanocrystals population up to 300 s of annealing at 813 K _ n ex

(see Fig. 1 implies th_e existence of an mcu_batlon time for \e’mb a 2 p?

nanocrystals nucleation. The same qualitative behavior was

also observed for glasses annealed at 823 and 843 K. Oin the equation described aboweandb are fitting param-
experimental results indicate that the incubation time deeters anch is the nanocrystal number density.

creases for increasing temperatures, this being an expected The scattering power corresponding to samples annealed

consequence of the strong increase of the diffusion coeffiduring 5300 s at different temperatures and the best modeled
cient for rising temperaturés. curves[Eg. (6)] for the LSW and log-normal size distribution

P(q,R) = [3 (7)
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FIG. 2. Experimental scattering intensiti¢symbol9 corre-
sponding to the samples annealed during 5300 s at the indicatdfieé modeled scattering power curves corresponding to differ-
temperatures and modeled scattering curjfieg. (6)] using the
LSW (dashed linesand log-normalcontinuous linessize distri-
bution functions[Egs. (1) and(8), respectively. The N(R) curves
determined from the fitting procedure are plotted in the insets.
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mined as functions of time. In spite of the difference in the
shape ofN(R), no significant discrepancies in the calcula-
tions of the integral parameters were observed. This implies
that the relevant structural parameters commonly used to
characterize the mechanism of growtR)(t), n(t), and ¢(t),
are not very sensitive to the detailed shape ofNkie) func-
tion.

As mentioned in the preceding section, deviationbldR)
from the function predicted by LSW theory were already
observed by a number of previous authr3°In particular
log-normal size distribution functions were established for
the coarsening of semiconductor nanocrystals embedded in a
glass matrix® and for metal clusters in a metallic matfikin
a previous study of the coarsening of Bi nanodroplets in
sodium borate glas$,it was also demonstrated that the log-
normal function yields a good fit of the modeled scattering
functions to the experimental SAXS curves. In these cited
works (Refs. 16—18the physical reasons for the deviation of
N(R) from the radius dependence expected by the LSW
theory for coarsening were not discussed. Also no alternative
model that could explain the deviations here observed was
found in the literature. To our knowledge there is not an
evident connection between a particular property of these
systems and the features of the observed log-normal size
distribution function. In this way, efforts toward the develop-
ment of an adequate theoretical description have to be per-
formed. However, as it will be seen in further data analysis,
in spite of the discrepancy regarding the shape of the radius
distribution, the time dependences ®)(t), n(t), and ¢(t)
behaves as predicted by LSW theory.

The log-normal radius distributiond(R,t) associated to

ent annealing times at 813 K are plotted in Fig. 3. After the
initial nucleation period, we observe a continuous growth of
the average radius and a progressive reduction in the number
of nanocrystals, evidenced by a shift of the maximum of the
distribution toward higheR 's and by the reduction of the

functions[Egs.(1) and(8)] are plotted in Fig. 2. The radius area under th&l(R,t) curves, respectively. From th&R,t)

distribution functions determined from the best-fit procedurefunction obtained by the described fitting procedure applied
assuming both functions are plotted in the insets of Fig. 2to the whole set of scattering curves, the time variations of
The integral parameteigR)(t), n(t), and ¢(t)] were deter-

the nanocrystals average radi{i®(t), number densityn(t),
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L
15x108 =
w
i
2
_8 —
1.0x10 g
C
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5.0x10°° E FIG. 3. Radius distribution functionsl(R,t)
= of Ag nanocrystals for different annealing times
0.0 at 813 K determined from SAXS results.
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@
3300 .2
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50 : : : T v with an average radius equal to 19 and 43 A for annealing
oz ¥ (@) temperatures of 813 and 843 K, respectively.
. The nanocrystals number densityt), is plotted in Fig.

4(b). The fast increase observed for short annealing times

40

< 30 4 a3 K ] corresponds to the “nucleation and growth” stage. This pe-
E | riod is followed by a stage during which a continuous reduc-
20 | . . h . .
~ " tion in n(t) occurs. At this stage, the rate of reduction in the
0 | B9 number density is a decreasing function of time.
| Fig. 4(c) displays the time dependence of the fraction of
0 the total volumeyp(t) occupied by the Ag nanocrystals. The

fast increase observed in the first period of annealing indi-
cates that nanocrystals grow mainly by the incorporation of
Ag atoms initially dissolved in the glass matrix. After this
period, ¢ still increases but at much lower rate.

In order to verify the validity of the predictions of the
LSW theory for coarsening regarding the time dependence of
(R) andn [Egs.(2) and(3), respectively, different graphical
procedures are commonly used. One of them, which uses
plots of log(R)) and lodn) versus logt), has often been
applied!®?° For long annealing times, for whickR)(t)
>(Ry) andn(t) <ny, the log-log plots are expected to asymp-
totically yield straight lines with slopes 3 and -1, respec-
tively. An alternative procedure, also applied in previous
works?122 consists of plotting(R)3(t) Xt and 1h(t) Xt.
Good fits of these experimental functions to straight lines,
from the beginning until the end of the coarsening stage, also
demonstrate that Eq$2) and (3) hold. We have preferred
this second procedure because in our case the simple linear
behavior is expected to be apparent over a much larger time
intervale.

A qualitative examination of the experimental time depen-
dences ofR)(t) and n(t) for long annealing timesgFig. 4)
suggests that Ag nanocrystals are growing by coarsening. In
order to compare quantitatively our experimental results with
the predictions of LSW theoryR)® andn™t were plotted as
functions of the annealing time in Fig. 5. The linear depen-
dences of both experimental functions agree with LSW
theory[EQs.(2) and(3), respectively. As expected, the slope
0 1000 2000 3000 4000 5000 of (R)® andn™! increases for increasing temperatures. Due to

t(s) the very small variation in the total precipitated volume frac-
tion during the coarsening process, a detailed quantitative

FIG. 4. Time dependences Cﬂ) average radiu@% (b) number Comparison of the experimental funCtIQﬂit) with the time
per unity volumen, (c) fraction of the total volumep, and (d) ~ dependence predicted by E&) was not attempted.
relative size dispersiong, of Ag nanocrystals corresponding to the  Sincey, ¢;, andc, are not known for the nanocomposite
population formed during isothermal annealing. studied here, a connection between the theoretical values ex-

pected for the rate parametgiangular coefficients of Egs.

(2) and(3)] and the slope of the experimental curves plotted
fraction of the total volumep(t), and relative radius disper- in Fig. 5 was not tried. However, we could determine, as will
sion og(t) were determined. be described below, the activation energy for diffusion of Ag

Figure 4a) displays the time dependence (&) for dif-  atoms in the sodium borate glass.
ferent annealing temperatures. After an initial induction pe- Assuming thaty, », andc, are temperature independent,
riod, a very fast growth of nanocrystals is observed. Laterthe equation relying on the diffusion coefficient and the rate
nanocrystals grow at a lower rate until the end of the annealParameter of Eq(2), «, can be written as
ing.proces.s is reached. For equivalept annealing tigk®ds o D(T) = k(T)T, 9)
an increasing function of the annealing temperature. This is
the expected consequence of the strong temperature depafmhereK(T)=8yvzceD/(9kT) is determined from the slope of
dence of the atomic diffusion coefficient. After 5300 s of the straight lines in Fig. &. On the other hand, the
annealing, Ag nanocrystals have a size distribution functiorArrhenius equation predicts thdd(T) is proportional to

4.0x10°8 -

n {(nanocrystals / A%

o,/ {R)

0.0
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— FIG. 6. kT(«D) as a function of the inverse of the temperature
*g 1/T. From the slope in the log T X 1/T plot the activation energy
5 9 of the diffusion process was determined.
© 1.0x10°
g
= The continuous diminution of Ag concentration in the glass
< matrix reduces the nucleation rate aogd falls to a mini-
= 5.0x1084 mum. After this initial nucleation and growth stages in-

creases very slightly and, at advanced stages, it becomes
nearly constant.

At advanced stages of coarsening at 843K js equal to
0.21 in agreement with the prediction of LSW theory. How-
ever, for glasses annealed at 823 and 813 K the asymptotic
values ofog are lower, namely 0.17 and 0.14, respectively.
The observed reduction afy for decreasing temperatures is

FIG. 5. () Cubic average radiuR)3(t) and (b) inverse of Ag  hot at present fully understood. Probably, this effect is a con-
nanocrystals number densityX(t) for different annealing tempera- Sequence of a possible contribution of elastic strains result-
tures. The linear dependences observed in these plots, at advanda@ from the cluster formation in the glass annealed at 813
stages, are in agreement with those predicted by the LSW theorgnd 823 K, this contribution being not so important Tat
The straight lines correspond to linear regressions of experimentat843 K. In this regard, it was demonstrated by Schmelzer
data. and Mollef that, when the mobility of the matrix building
units is much lower than that of the precipitating atoms, the

exp(—E/?RT), whereE is the activation energy for the diffu- asymptotic behavior in coarsening regime is modified, this
sion process ank is the gas constant. So as according to€ffect leading to a significant reduction in the size dispersion.
Eq. (9) the following equation holds: This finding suggests that the elastic strain increases for de-
creasing temperatures leading to a reduction in clusters size
k(T)T oc e O, (10) dispersion. Our experimental results are in accordance with
this theoretical consideration. On the other hand, we have
It should be noted that the assumption regarding, andc,  observed that at the highest annealing temperatlre
is reasonable because the diffusion coefficient exhibits &843 K) the glass sample exhibits a noticeable macroscopic
much stronger and dominant variation with temperature.  flow. This indicates that, at this temperature, the viscosity is
The results plotted in Fig. 6 illustrate the actual validity of rather low—the atomic mobility is high—and, consequently,
Eg. (10). From the slope of the straight line in the (@F)  elastic strains do not develop. Thus, as experimentally ob-
X 1/T plot (Fig. 6) the value of the activation energy for Ag served, only forT=843 K, oy is expected to be in accor-
diffusion through the glassE=(49+1) X 10* J mol'l, was  dance with the valu€0.21) predicted by the LSW theory for
obtained. This activation energy is slightly smaller than thatstrain free systems.
obtained for the diffusion of Bi atoms in the same matrix
[(64+3x10* I mol™].1e _ V. CONCLUSION
The relative radius dispersionsg, as functions of the
annealing time for different temperatures are displayed in The reported SAXS results—regarding the phase separa-
Fig. 4d). The large radius dispersion for short annealingtion and nanocrystal formation in supersaturated Ag-doped
times is explained as being a consequence of a continuow®dium borate glass—indicate that Ag nanocrystals are
nucleation of new clusters along the isothermal annealingformed from the very beginning of the process, i.e., during

0.0 "8
v T v T v T v T v T
0 1000 2000 3000 4000 5000
t (s}
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the quenching from the liquid down to room temperature.probably being an effect coming from strains developed dur-
Subsequently, after a few minutes of isothermal annealing, g the annealing processes.

second population of a large number of small nanocrystals From the time dependence of the nanocrystals average
starts to nucleate. _ _ _radius(R)(t), at different annealing temperatures, the activa-

~ The whole phase separation process involves three digion energy involved in the Ag diffusion through the glass
tinct stages(i) a short incubation periodii) the nucleation 4trix was quantitatively determined, this value been equal
and growth of small Ag crystals driven by diffusion through to E=(49+1) X 10* J mol .,

the glass matrix and further aggregation of isolated Ag at- It was also verified that the Ag nanocrystal radius distri-

oms, andiii) a final and rather slow coarsening process dur_ .. . X .
ing which the Ag concentration in the matrix is close to thebUtIon is better described by a log-normal function than by

equilibrium value and the large nanocrystals still grow at thethe functlon derived from the LSW model. This same con-
expense of the small ones. clusion was already reported by several authors that studied

During the advanced—coarsening—stage, the time gesimilar systems, but this flnphng was not up to now clea}rly
pendence of the average radius and density number of Agnderstood. In order to clarify this issue, further theoretical
nanocrystals, derived from our SAXS results, agree with thdhvestigation is required.
predictions of the LSW model. On the other hand, the rela-
tive radius dispersion obtained from the radius distribution
are nearly time invariant for all annealing temperatures. For ACKNOWLEDGMENTS
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